The transcription factor (TF) Snail is part of a conserved Snail family of C 2 H 2 zinc finger proteins that have been extensively studied for their role in development, cell morphogenesis, and tumor metastasis (for review, see Barrallo-Gimeno and Nieto 2005) . Snail was originally identified in Drosophila, where mutant embryos are defective in mesoderm formation during gastrulation (Simpson 1983) . At the onset of embryogenesis, the concerted action of Dorsal (an NFkB protein) (Roth et al. 1989; Rushlow et al. 1989) , Twist (a basic helix-loophelix [bHLH] protein) (Thisse et al. 1988) , and Snail determines the presumptive mesoderm and its borders with ectodermal territories. Twist and Dorsal cooperate to activate mesodermal gene expression, while Snail promotes mesoderm development by repressing ectodermal genes within the mesodermal domain and establishes a sharp border between the mesoderm and mesectoderm (for review, see Chopra and Levine 2009) . Although loss of either Twist or Snail function results in a failure of mesoderm formation (Leptin and Grunewald 1990) , Snail is sufficient to promote the first steps of ventral furrow invagination (Ip et al. 1994; Seher et al. 2007) . Snail therefore has an independent role in promoting mesoderm formation, but how this is achieved remains unclear.
Snail mediates transcriptional repression through the recruitment of two corepressors: the C-terminal-binding protein (dCtBP) (Nibu et al. 1998a,b) and Ebi, which recruits histone deacetylase 3 (HDAC3) (Qi et al. 2008) . Mutation of any of the corepressor interaction motifs in the N terminus of Snail impairs its repressor function (Hemavathy et al. 2004; Qi et al. 2008) and, in the case of the dCtBP interaction motifs, its ability to coordinate mesoderm development (Hemavathy et al. 2004 ). Dissection of the repressive effects of Snail in different enhancers revealed that its function is distance-dependent. Snail was thereby classified as a short-range repressor that acts through the quenching of activators bound within 100 base pairs (bp) in the same enhancer or core promoter (Gray et al. 1994; Gray and Levine 1996) .
The target sequences for Snail and Twist are very similar, and their binding has been shown to be mutually exclusive in some instances (Ip et al. 1992 ). This would provide one mechanism for Snail repression of Twist targets in addition to the recruitment of corepressors. Other mechanisms include inhibition of transcription by blocking the release of RNA polymerase II from the promoter (Bothma et al. 2011; McHale et al. 2011) or inhibiting enhancer-promoter looping from distal enhancers (Chopra et al. 2012) .
Although Snail is generally considered to be a dedicated repressor, a number of observations hint at a potential role in transcriptional activation. Genetic studies almost 20 years ago showed that several essential mesodermal genes have reduced expression in snail mutant embryos, including Myocyte-enhancing factor 2 (Mef2) (Lilly et al. 1994) , Zn finger homeodomain 1 (zfh1) (Casal and Leptin 1996; Hemavathy et al. 1997) , tinman (tin) (Bodmer et al. 1990; Ip et al. 1994) , and heartless (htl) (Shishido et al. 1993) . This lack of expression was generally assumed to be an indirect effect caused by the derepression of an unknown repressor, a hypothesis supported by studies in mammalian cells (Jorda et al. 2005 (Jorda et al. , 2007 Sun et al. 2008; Dave et al. 2011 ).
In addition to having an indirect role in transcriptional activation, we reasoned, based on recent chromatin immunoprecipitation (ChIP) data, that Snail may also act directly to positively regulate gene expression: Using ventralized Toll 10B mutant embryos, Zeitlinger et al. (2007) showed that Snail occupies many mesodermal enhancers that are active in these embryos, which is at odds with the typical local dominant effect of a repressor cobound to an enhancer with activating TFs (Gray and Levine 1996; Zeitlinger et al. 2007 ). An activator role for Snail has been shown by genetic studies and reporter assays in Caenorhabditis elegans, mice, and quail-showing that Snail family members can activate B0507.1 (ReeceHoyes et al. 2009 ), MMP15 (Tao et al. 2011) , and Snail2 (Sakai et al. 2006 )-and by in vitro studies of the p15 INK4b (Hu et al. 2010 ) and ZNF281 genes (Hahn et al. 2013) . Furthermore, Snail can increase Wnt target gene expression in human cell lines independent of direct DNA binding but via physical interaction with b-catenin (Stemmer et al. 2008) . However, aside from these examples, the generality of Snail's capacity to act as an activator remains unclear; in Drosophila, where the founding member of this TF family was discovered, there is currently no evidence for a direct role in transcriptional activation. If Snail can act as an activator as well as a repressor, what regulates this functional switch in Snail's activity?
By using an integrative approach, we uncovered a new role for Drosophila Snail whereby it not only represses the activity of neuroectodermal enhancers but may also be essential for the activation of many mesodermal enhancers. Through in vivo occupancy and mutagenesis analysis of enhancer activity, we provide the first evidence that Drosophila Snail acts directly to potentiate gene expression and that a specific motif is essential for enhancer activation. Our results help explain the complex phenotypes observed in snail mutant embryos and shed new light on how this much-studied TF regulates mesoderm development.
Results

Snail binds to active mesodermal enhancers in wild-type embryos
ChIP studies in Toll 10B mutant embryos identified Snail binding to enhancers of mesodermally expressed genes (Zeitlinger et al. 2007 ). In these embryos, Twist and Snail are ubiquitously expressed throughout the entire embryo, genetically transforming all cells to take on a mesodermal cell fate. To exclude the possibility that the observed Snail occupancy was due to the severity of developmental defects in this mutant, we first determined whether Snail binds to mesodermal enhancers in wild-type embryos.
ChIP followed by hybridization to high-density tiling arrays (ChIP-on-chip) was performed on tightly staged embryos at 2-4 h of development (stages 5-7) using an antibody directed against Snail (Fig. 1A) . We obtained 2021 high-confidence Snail-bound regions. Comparison with our previously generated data covering the same stages of development (Zinzen et al. 2009 ) showed that 46% of Snail peaks are in close proximity (300 bp) to Twist peaks (Fig. 1B) . This set of 927 overlapping regions contains the majority of functionally characterized mesodermal enhancers and was therefore used to obtain a set of ChIP-defined cis-regulatory modules (ChIP-CRMs) as described previously (Supplemental Material; Zinzen et al. 2009 ).
To assess the quality of the data, we first examined the occupancy of Snail on its previously characterized target enhancers. For example, we found Snail and Twist binding to the 300-bp rhomboid neuroectoderm element (rho NEE) and the previously identified wnt inhibitor of Dorsal (wntD) enhancer ( Fig. 1C ; Sandmann et al. 2007; Zeitlinger et al. 2007 ), in agreement with their known roles in repressing or activating these genes' expression, respectively (Kosman et al. 1991; Ip et al. 1992; Ganguly et al. 2005 ). In addition, we found Snail binding to other known Snail-dependent enhancers, including vnd_348 (Markstein et al. 2004 ), vnd_À5.3/À4.0 (Shao et al. 2002 , vn_neurogenic_ectoderm (Markstein et al. 2004) , sim_ mesectoderm (Markstein et al. 2004) , sim_2.8sim (Kasai et al. 1992) , and two regions within the sog locus.
Having confirmed that the ChIP assay reliably captures enhancers known to be repressed by Snail, we focused on actively transcribed mesodermal genes. We first examined enhancers of mesodermal genes that are genetically dependent on Snail for their expression ( Fig. 1D ; Supplemental Fig. S1 ). The expression of the myogenic regulator Mef2 is significantly reduced in snail (sna) mutant embryos (Lilly et al. 1994 ), and we observed cobinding of Snail and Twist on multiple putative cis-regulatory regions within the Mef2 genomic locus, one of which overlaps with the known Twist-dependent Mef2 I-D [L] enhancer element active in the early mesoderm ( Fig. 1D ; Cripps et al. 1998; Nguyen and Xu 1998) . The early expression of tin throughout the trunk mesoderm is also reduced in sna mutant embryos, while its expression in the head mesoderm as well as later expression are unaffected (Bodmer et al. 1990 ). The trunk mesodermal expression of tin is mediated by a Twist-dependent 374-bp element, tin B-374 (Yin et al. 1997) , which our ChIP data show to be occupied by both Twist and Snail (Fig. 1D) . In addition to these two well-characterized enhancers, we also found Snail binding to known and putative cis-regulatory regions within several other Snail-dependent mesodermal genes, such as htl, ventrally-expressed-protein-D, zfh1, if, srp, and stumps (Supplemental Fig. S1 ; Lai et al. 1991; Shishido et al. 1993; Casal and Leptin 1996; Hemavathy et al. 1997; Morize et al. 1998) .
In summary, we observed Snail occupancy on mesodermal enhancers in wild-type embryos at a time when these enhancers are active. This result suggests that either the binding of this ''repressor'' is not functional in particular contexts or Snail may play a direct role in their transcriptional activation and the establishment of mesodermal gene expression.
Snail and Twist directly regulate a shared pool of mesodermal genes
To examine the functional role of Snail enhancer occupancy, we first assessed the relationship between Snail enhancer binding and transcriptional changes of associated target genes upon mutation of sna. We compared the gene expression profiles of tightly stage-matched wildtype and homozygous mutant embryos for two sna alleles: a deficiency that completely removes sna function [Df(2L)TE116GW11, abbreviated as Df(sna)] and a hypomorphic sna (sna V2 ) allele. To measure the earliest and most immediate effects of Snail, we collected embryos just after the onset of sna expression. Twist and sna mRNA are first detectable during nuclear cleavage cycles 12-13 at ;2 h after egg laying (AEL) (stage 4 according to Campos-Ortega and Hartenstein 1997) (Leptin 1991) , but the morphological sna mutant phenotype is not apparent until later stages. We therefore took advantage of the phenotype caused by a recessive mutation in halo (Materials and Methods; Gross et al. 2003 ), which we recombined onto the sna chromosome to select sna homozygous mutant embryos from their balancer siblings. halo mutant embryos are marked by a visible defect in cytoplasmic clearing during cellularization but are otherwise viable and fertile (Gross et al. 2003) . We hand-selected sna homozygous mutant embryos at two time windows of development: (1) stages 5-6, at the onset of gastrulation when the mesoderm anlage is specified, and (2) stages 7-8, after gastrulation, when the mesoderm spreads out under the ectoderm.
Comparison of gene expression levels between the two sets of sna mutants to stage-matched Dhalo AJ embryos revealed 478 differentially expressed genes in one or more conditions (''snail-pooled'') (Supplemental Material). Two-hundred-twenty-five genes (53%) were up-regulated in sna mutants at one or more conditions (log 2 $ 1, false discovery rate [FDR] # 0.05), while 223 genes (47%) were down-regulated (log 2 # À1, FDR # 0.05) (Fig. 1E) . The up-regulated set contained genes expressed in the neuroectoderm or mesectoderm that are known to be repressed by Snail in the mesoderm, including sim, vnd, wntD, rho, sog, l(1)sc, HLHm7, and m4 (our unpublished observation), demonstrating the quality and sensitivity of the data.
We defined Snail direct target genes as those that showed differential expression and had a Snail ChIP peak within 5 kb upstream of and 1 kb downstream from the annotated gene. These criteria identified 106 direct Snail target genes that are associated with 180 Snail-bound ChIP-CRMs (Supplemental Material), which were classified as ''Snail-activated'' or ''Snail-repressed'' CRMs based on the response of the target gene. Surprisingly, 51 of these genes (48%) were down-regulated in the absence of Snail, suggesting a direct role for Snail in their activation (Fig. 1E) .
A subset of Snail target genes (21 activated and 23 repressed) is associated with regulatory regions that were bound only by Snail and not by Twist (''Snail-only CRMs''). However, the majority of genes appear to be regulated by both TFs, containing CRMs bound by both Twist and Snail (20 activated and 20 repressed genes) or multiple CRMs that are a mixture of Snail-only and cobound CRMs (10 activated and 12 repressed targets) (Fig. 1E ). The cobound set contains all well-characterized targets of Twist and Snail, such as sim, rho, l(1)sc, wntD, and vnd (Fig. 1E , left, heat map). Snail represses these neurectodermal genes in the mesoderm, which is in agreement with its traditional repressor role.
Of particular interest here, however, are the Snailbound enhancers associated with mesodermally active genes, whose expression appears to be activated by Snail (Fig. 1E , right, heat map). This set contains many mesodermal genes that were previously reported to be downregulated in sna mutants; e.g., htl, tin, RhoL, ventrallyexpressed-protein-D, and zfh1 (Lai et al. 1991; Shishido et al. 1993; Lilly et al. 1994; Casal and Leptin 1996; Hemavathy et al. 1997 ). In addition, we identified if, Cadherin-N, CG14688, and stumps as targets activated by Snail. It has generally been assumed that Snail's contribution to the expression of such genes is indirect due to Snail-mediated repression of a repressor. However, our data suggest that Snail directly contributes to the activation of these genes through Twist-Snail cobound CRMs. The majority of mesodermal genes show reduced expression as early as stage 5 in the sna-null allele, supporting the hypothesis that Snail is required to establish the initiation of their expression.
The hypomorphic sna V2 allele carries a missense mutation in a conserved region between zinc fingers 3 and 4 of Snail's DNA-binding domain. This allele has a weaker phenotype than sna-null alleles (Hemavathy et al. 1997) in that the expression of some neuroectodermal gene is only partially derepressed; the mesoderm invaginates almost normally, although it fails to differentiate properly. Various scenarios could explain this hypomorphic phenotype: (1) The nature of the lesion could exclusively affect either the activator or repressor role of Snail. However, our data exclude this scenario, as target genes of both classes are misregulated; e.g., sim and rho in the repressed group and stumps and htl in the activated group. (2) The mutation could affect the expression of all Snail target genes, but the amplitude of change is lower in sna V2 mutant embryos compared with that observed in the sna-null mutant. This scenario also does not appear to be the case because only ;40% of Snail direct target genes that are up-regulated or down-regulated in the sna-null allele are also up-regulated or downregulated in sna V2 . The remaining 60% of Snail-dependent genes are not affected in sna V2 . It is possible that the difference in expression strength of several genes is the cause of the different phenotypes, rather than complete lack of activation or repression of a single target gene.
In summary, these results suggest a direct relationship between Snail enhancer occupancy and the transcriptional activation of some genes. Activation appears to be not a minor part of Snail's transcriptional role but rather represents half of its regulatory input to gene expression.
Snail positively regulates enhancer activity in collaboration with Twist
To assess the function of Snail binding to active mesodermal enhancers more directly, we performed luciferase assays in Drosophila Kc cells (Fig. 2) . Kc cells, which are thought to be of hematopoietic origin (Echalier and Ohanessian 1969) , do not express detectable levels of Snail, Twist, or Dorsal (data not shown), while the corepressors dCtBP and Ebi are present (Cherbas et al. 2011 ). First, we tested the ability of Snail to repress the Dorsaldependent wntD-lacZ enhancer in this system (Zeitlinger et al. 2007 ). Transfection of Dorsal into cells carrying the wntD-lacZ-luciferase reporter alone activated the wntD enhancer up to 77-fold, while cotransfection with Snail reduced this activation by approximately a third (;50-fold; P < 0.05 Student's t-test) ( Fig. 2A ) in a concentrationdependent manner. Similarly, Snail can repress the cooperative activation of the neurectodermal 300-bp rho NEE enhancer (Ip et al. 1992 ) by Twist and Dorsal, decreasing the response from 42-fold to 1.7-fold (Supplemental S2A ). This cell culture system can therefore recapitulate in vitro the known in vivo regulation of these genes (Kosman et al. 1991; Ip et al. 1992; Ganguly et al. 2005) .
Having confirmed that Snail can repress transcription in Kc cells, we selected two well-characterized mesodermal enhancers to test both in vitro and in vivo whether Snail is capable of transcriptional activation. The levels of tin transcripts are strongly reduced in sna mutant embryos (Bodmer et al. 1990; Ip et al. 1994) , as confirmed by our expression profiling data [log 2 = À2.77 at stage 7 in Df(sna)]. The tin B-374 enhancer is responsible for the early expression of tin in the trunk mesoderm and is directly activated by Twist in vivo (Yin et al. 1997) . Consistent with these observations, this enhancer is cobound by both Twist and Snail in embryos during the time of its activity (Fig. 1D) . In Kc cells, Twist increases the basal enhancer activity almost fivefold (Fig. 2B) . While transfection of Snail alone does not change enhancer activity significantly, cotransfection of Snail with Twist yields an additional approximately twofold increase in reporter activity (P < 0.005 Student's t-test) (Fig. 2B ), demonstrating that Snail is capable of potentiating enhancer output.
We also analyzed the response of the enhancer to Snail in vivo. In embryos, the tin B-374 enhancer recapitulates the expression of the endogenous tin gene in the trunk mesoderm but not the anterior expression domain in the head mesoderm (Fig 2C, top ; Yin et al. 1997) . In embryos homozygous for the amorphic sna 18 allele, the activity of the enhancer is substantially reduced, in agreement with the down-regulation of the endogenous gene in the mesoderm (Fig. 2C) . The expression of tin in the head mesoderm is not affected, consistent with this expression domain being regulated by a different tin A enhancer element (Yin et al. 1997) , which is not bound by Snail (Fig.  1D ). There are no apparent differences in the tin B-374 enhancer activity or endogenous tin expression in embryos homozygous for the hypomorphic sna V2 allele at stage 5/6, indicating that the remaining Snail activity is sufficient to initiate both the enhancer and the endogenous gene's expression at this stage.
Snail also potentiates the activity of
enhancer drives expression in the early mesoderm (Nguyen and Xu 1998) , where its activity is dependent on activation by Twist (Cripps et al. 1998) . In Kc cells, Twist leads to an ;14-fold increase in Mef2 I-D[L]-driven luciferase activity (Fig. 3A) . While Snail alone is not sufficient to activate the enhancer, cotransfection of Snail can increase Twist enhancer activation from ;14-fold to 21-fold (P < 0.02, Student's t-test) (Fig. 3A) . Similarly, in vivo, the early mesodermal activity elicited by the enhancer is reduced in sna 18 mutant embryos, as described below (Fig. 3C) .
Therefore, Snail can potentiate Twist-mediated activation of the tin B-374 and Mef2 I-D[L] enhancers in vitro and is necessary for their activation in vivo. Combined with Snail's in vivo binding to these enhancers at these stages of development and its requirement for the endogenous genes' expression, these data demonstrate a direct positive role for Snail in the regulation of two essential mesodermal genes. Twist/Snail site (Fig. 3B) . We mutated motifs 1 and 3, while motif 2 was left intact to avoid potential interference with Twist binding ( Fig. 3B ; Cripps et al. 1998 (Fig. 3A) , cotransfection of Snail does not lead to a significant change in its activity (P = 0.7, Student's t-test) (Fig. 3A) .
To assess the consequence of the binding site mutations in vivo, we generated transgenic reporter lines carrying wild-type or mutant versions of the enhancer linked to lacZ. Using the phiC31 integrase system (Bischof et al. 2007) , each transgene was targeted to the same location within the genome to minimize positional effects. In agreement with previous studies, the wild-type Mef2 I-D[L] enhancer drives reporter gene expression in the developing mesoderm, where the expression is first detectable at stage 5 ( Fig. 3C; Supplemental Fig. S3 ). The activity of the enhancer as well as of the endogenous Mef2 gene depends on Snail, as in sna 18 mutant embryos, their expression is significantly reduced (Fig. 3C) . Mutation of the Snail motifs 1 and 3 in the enhancer recapitulates this effect, rendering the enhancer inactive despite the presence of Twist-binding sites (Fig. 3C, bottom  panels) . The positive effect of Snail therefore depends on intact Snail-binding sites.
In addition to the Mef2 I-D[L] element, we identified a novel putative enhancer within an intron of the Mef2 gene. In transgenic reporter assays, this element is active in the mesoderm, where its activity also depends on Snail (Supplemental Fig. S4 ). The enhancer also drives expression in a striped pattern in the ectoderm, which is independent of Snail function, as expected. These results indicate that Snail can positively regulate Mef2 expression in vivo through at least two enhancer elements that it occupies at the stages where Mef2 initiates expression in the mesoderm.
To summarize, the positive role of Snail on the Mef2 I-D[L] enhancer is direct, as Snail must bind to the enhancer to positively regulate its activity. Our ChIP data indicate that this is likely to hold true for many more Snail-regulated enhancers.
Enhancer architecture of Snail-bound CRMs
Our results indicate that when Snail binds to the same enhancers as Twist, it can have distinct effects: On a subset of enhancers, Snail prevents Twist and other TFs from activating gene expression, while on others, it potentiates enhancer activity. How is Snail action modulated to achieve these opposing effects?
A regulatory switch in the activity of a TF can occur by many mechanisms that often depend on the cellular context, including the availability of cofactors or posttranslational protein modifications (for review, see Ma 2005) . In the developing mesoderm, Snail appears to be able to function in two modes within the same cell type and at the same time. We therefore reasoned that the underlying mechanism is likely to be partially encoded in the enhancer sequence itself. To assess this, we analyzed the motif content of the 102 Twist and Snail cobound CRMs (Supplemental Material) to determine whether there are motif differences between the Snail-activated (52) and Snail-repressed (50) CRMs (Fig. 1E) . Snail-only CRMs (78) served as a control group.
We first examined whether differences in the Snail and Twist motifs themselves could account for the different regulatory potential. De novo motif discovery using the RSAT peak motif tool ( Fig. 4A ; Supplemental Material; Thomas-Chollier et al. 2012) identified Twist motif signatures with the core CAc/tATG in both the activated and repressed cobound sets with a similar frequency, although the motifs show slight differences (Fig. 4A , ''Twist-like''). The Twist-like motifs are not enriched in Snail-only CRMs (data not shown), consistent with the lack of Twist binding. Half-sites of the Dorsal-binding motif are specifically enriched in the repressed CRMs (Fig. 4A , ''Dorsal-like''), as expected from the known role of Dorsal in activating neuroectodermal enhancers that are repressed by Snail (for review, see Chopra and Levine 2009) . While the Snail CAGGTG motif (from Jaspar) (Mauhin et al. 1993 ) is not enriched in either cobound set, an alternative Snail motif with an adenine preference at position 6 (CAGGTA) is enriched in both the activated and repressed CRMs (Fig. 4A, ' 'alternative Snail motif''). Snail binds to both motifs with similar affinity (Mauhin et al. 1993) , and they can both substitute for each other in Snail-mediated regulation of the rho NEE enhancer (Supplemental Fig. S2A,B) . In the activated CRMs, this CAGGTA motif is extended by guanidine and cytosine at positions 7 and 8, respectively (Fig. 4A) ; this extended motif overlaps a reported motif for Zelda, a TF required for the activation of gene expression in the early embryo (ten Bosch et al. 2006; Liang et al. 2008; Harrison et al. 2011; Nien et al. 2011) .
Aside from subtle differences in the Snail and Twist motif sequences between the two CRM sets, no clear differences in the number or quality of Snail and Twist motifs were observed between the activated and repressed CRMs ( Fig. 4B; Supplemental Fig. S5 ). The different activities of the activated and repressed CRMs therefore do not appear to be regulated by the number or differential enrichment of high-affinity or low-affinity Snail motifs.
We next examined whether the relative positioning of the Snail and Twist sites was different between the activated and repressed CRMs. Efficient repression by Snail requires close spacing (<100 bp) between the Snail motif and the activator motif (Gray et al. 1994; Gray and Levine 1996) . For Snail to potentiate enhancer activation, one might reasonably expect its motif to be located at higher distances from Twist motifs in activated CRMs compared with Snail-repressed CRMs. To assess this, we calculated the distance from each predicted Snail site to the closest Twist-binding site in each set of CRMs. The repressed CRMs show a preference in the spacing of Twist and Snail motifs, using either the CAGGTA motif (Fig.  4C) or the CAGGTG motif (Supplemental Fig. S5C) , with a biphasic center-to-center distance of 10-20 bp and 40-50 bp, consistent with short-range repression. In contrast, in the activated CRMs, Twist motifs are preferentially more distant from Snail motifs, with an enrichment of a 50-to 65-bp distance for the CAGGTA motif (Fig. 4C) and an enrichment of an 80-bp distance for the CAGGTG motif (Supplemental Fig. S5C ). Although a 50-to 65-bp distance may be sufficiently close for Snail to still interfere with Twist activity, an 80-bp distance should attenuate quenching (Gray et al. 1994 ; Gray and Levine 1996; Fakhouri et al. 2010) . The longer spacing between Snail and Twist sites in activated CRMs (50-80 bp) also suggests that there is not a direct close physical interaction between Twist and Snail, which typically occurs when motifs are spaced in the range of 10 bp (for review, see Spitz and Furlong 2012) .
To summarize, there are subtle differences in the Snail and Twist motifs and in their relative spacing from each other in activated versus repressed enhancers, although there are no clear differences in motif number. However, these differences in motif positioning are trends within a group of enhancers and do not represent a definitive rule that applies to every enhancer. In the Mef2 I-D[L] enhancer, for example, the Twist and Snail sites are <11 bp apart, yet this enhancer is activated by Snail. How, then, does Snail confer enhancer activation, as opposed to repression?
Cis-regulatory signatures of activating Snail binding
Given the subtle differences in Snail and Twist sites, we extended our analyses to search for differentially enriched motifs for additional TFs that may be indicative of Snail's regulatory output. Using a large collection of known and predicted TF position weight matrices (PWMs) , we first identified which motifs were differentially enriched in Snail-Twist-activated versus -repressed CRMs or within one set compared with the rest of the genome (Fig. 5A ). This analysis revealed 32 motifs that are significantly enriched (hypergeometric P-value # 0.025) in the activated compared with repressed CRMs ( Fig. 5A ; Supplemental Table S9) , with a Tailless (Tll) motif being the most strongly enriched (Tll_2, 4.08-fold enriched; P-value = 0.016). The TF Tailless is not expressed in the mesoderm and therefore cannot be the factor involved in Snail-mediated transcriptional activation (Pignoni et al. 1990 ). Instead, a factor with a similar DNA-binding specificity might bind this motif, and we therefore refer to it as Tll-like motif hereafter. Twelve motifs are enriched in repressed CRMs (Fig. 5A) , including the ME49 motif, for which no factor is known but which is enriched in the vicinity of genes expressed in the epidermis and foregut . Thus, there is a correlation between the motif content of a CRM and its likelihood to be repressed or activated by Snail.
To determine whether differential motif content is sufficient to predict the regulatory output of Snail, we used an established machine learning method (a support vector machine [SVM] ) for predictive discriminatory sequence analysis (Yanez-Cuna et al. 2012 ) based on 429 known or predicted TF PWMs ( Fig. 5B ; Stark et al. 2007 ). Using leave-one-out cross-validation, the SVM was able to discriminate between Snail-activated and Snail-repressed CRMs (71.6% of activated and 66.3% of repressed CRMs predicted correctly; area under the receiver-operator characteristic [ROC] distribution [AUC]: 0.74) (Fig.  5C ) based solely on differences in their motif content using the 15 most discriminative TF motifs ( Fig. 5D ; Supplemental Table S9 ; see Yanez-Cuna et al. 2012 ). When we repeated the predictions after randomizing the class membership for each binding site, the predictions dropped to 56.8% (AUC: 0.56). The poor performance of this random set in addition to the cross-validation indicate that the SVM is not overfitting and that the two sets of Snail enhancers indeed contain characteristic and distinct motifs (Fig. 5C ). The 15 SVM-selected discriminative motifs include motifs that are differentially enriched, as expected (Fig. 5A,D) , in addition to motifs that are not strongly enriched in a given class; for example Kni, ME56, and dl. These later motifs highlight the strength of the SVM approach to take motif occurrences and their combinations in individual enhancers into account even when a motif is not enriched when enhancers are analyzed in bulk.
To determine which TF motifs were the most important for the correct prediction of each enhancer, we performed in silico mutations (Yanez-Cuna et al. 2012) . The confidence of the prediction was scored by bootstrapping the data selected in model training for each individual binding site in wild-type and mutant CRMs after all instances of a given motif were computationally ablated (Supplemental Material). Each CRM was thereby classified 100 times using 100 different training sets, excluding the respective test CRM, yielding a score between 0 and 100 for the number of correct predictions. This analysis ranked the Tll-like motif (Tll_1) as the most important motif for the prediction of activated enhancers, followed by the ME6 motif (Fig. 5E ). While it is not known which TF binds to the ME6 motif, the motif is depleted from loci of ubiquitously expressed genes ).
This suggests that the Tll-like motif contributes to a positive regulatory output for Snail-bound regions, a hypothesis that we tested experimentally below.
The Tll-like motif determines the mode of Snail enhancers' activity Two CRMs predicted in silico to depend on the Tll-like motif are located within an intron of the CyclinE (CycE) gene (Fig. 6A) and upstream of CG14688 (Supplemental Fig. S7 ). In transgenic enhancer assays, the wild-type CycE enhancer, termed CycE_401, is first active in a striped pattern in the mesoderm and ectoderm at the onset of gastrulation (stage 6) (data not shown), and the mesodermal expression becomes gradually stronger during germ band extension (Fig. 6B, stage 7) ; this expression partially recapitulates the mesodermal and ectodermal expression of the endogenous CycE gene (Fig. 6B) . In addition, the enhancer mediates lacZ expression in delaminating neuroblasts, in which CycE is also expressed, but this activity is not dependent on Snail (Supplemental Fig. S6 ).
Mesodermal expression of CycE_401-lacZ depends on sna activity, as placing the enhancer in a sna 18 mutant leads to reduced lacZ expression (Fig. 6B ). The expression of the endogenous CycE gene is also reduced in the mesoderm in sna 18 mutant embryos. The residual Snail function in the sna V2 mutation appears to be sufficient for transcriptional activation of the enhancer (Fig. 6B) , although the CycE gene's expression is slightly reduced. In summary, the enhancer CycE_401 directs Snail-dependent expression in the mesoderm and additional Snail-independent patterns in the ectoderm and neuroblasts.
We next assessed the requirement of the Tll-like motif for transcriptional activation of the CycE_401 by mutating the motif (CycE_401_DTll). Loss of the Tll-like motif is sufficient to severely reduce enhancer activity in the mesoderm despite the presence of intact Twist and Snail motifs (Fig. 6B, bottom panel) . Similarly, although the wild-type CG14688_400 enhancer activates expression in the presumptive mesoderm at stages 5 and 6, its activity is reduced upon mutation of the Tll-like motif (Supplemental Fig. S7 ). These results indicate that the Tll-like motif is essential for the activity of both Snail-activated enhancers.
In summary, removal of either of the two components by the genetic perturbation of Snail function in sna mutant embryos, shown for the CycE enhancer, or by mutagenesis of the Tll-like motif in the enhancer reduces the activation of reporter gene expression. Efficient activation can be achieved only when both factors are present. Table S9 for motif information.
Discussion
The Drosophila TF Snail has been considered to be a dedicated transcriptional repressor. By integrating genomic, bioinformatic, and genetic approaches, we uncovered an unknown role for Snail as a positive modulator of enhancer activity. Considering its well-characterized role as a repressor, the extent to which Snail positively regulates mesodermal gene expression was surprising, accounting for almost 50% of its regulatory activity when acting with Twist. 
Motif prediction identifies a new motif essential for Snail activation
The motif content of enhancers that are either activated or repressed by Snail differs significantly from each other. Our machine learning approach and in silico mutagenesis showed that (1) these motifs are sufficient to predict the transcriptional output of Snail and (2) the Tll-like motif is a strong candidate for ''switching'' the activity of Snail. In the context of the CycE_401 and CG14688_400 enhancers, full activation in the mesoderm by Snail and Twist requires an intact Tll-like motif. We do not know the identity of the TF that regulates Snail-activated enhancers through this motif. The TF Tailless itself is expressed in the anterior and posterior pole but not in the mesoderm and therefore cannot account for this activity (Pignoni et al. 1990) .
Searching for TFs that recognize motifs that either overlap or are highly similar to the Tll-like motif and that are expressed in the early Drosophila embryo identified three candidate TFs. First, the pair-rule gene fushi tarazu (ftz). However, the expression pattern of ftz does not overlap CycE_401-lacZ expression, ruling out an involvement of Ftz in this enhancer's regulation. Second, dTCF (pangolin), which is expressed maternally in the early embryo (Brunner et al. 1997; van de Wetering et al. 1997) , activates gene expression in response to wingless (wg) signaling (van de Wetering et al. 1997) , and wgexpressing stripes are located adjacent to and partially overlapping the CycE_401-lacZ expression domain (Supplemental Fig. S8B ). To assess a potential role of dTCF, we blocked its function with a dominant-negative form of dTCF (UAS-DN-TCF) (van de Wetering et al. 1997 ), which we expressed either ubiquitously or specifically in the mesoderm (using twist-Gal4); neither had a detectable effect on enhancer activity (Supplemental Fig. S8C ), ruling out a role for dTCF. Third, the motif for Tll and Eve are similar, and stripes of eve expression are located anterior to and partially overlapping the CycE_401-lacZ expression domain. Reducing eve expression by injecting dsRNA specific for eve indicated an involvement of Eve in restricting the width of the lacZ-expressing stripes but not in the activation of the stripes per se (data not shown). The identity of the TF occupying the Tll-like motif in mesoderm therefore remains a mystery at this point.
What is the mechanism responsible for switching the regulatory mode of Snail?
Although the TF contributing to Snail activation remains unknown, it is interesting to speculate how it might influence the transcriptional activity of Snail.
In general, the requirement for partner factors seems to be a common theme in Snail-mediated transcriptional regulation. Drosophila Snail acts synergistically with Twist and the factor binding to the Tll-like motif in the mesoderm during early embryonic development. Similar observations have been made in epithelial-mesenchymal transition-related processes, such as tumor formation or neural crest migration. In human HepG2 cells, Snail associates and acts in concert with EGR-1 and SP-1 to participate in p15
INK4b activation induced by tetradecanoyl phorbol acetate (TPA) (Hu et al. 2010) . A similar synergistic effect was reported for Snail2 and Sox9 in the autoactivation of Snail2 in quail (Sakai et al. 2006) . While Snail2 and Sox9 individually activated a Snail2 reporter only moderately, the activity was potentiated when both TFs were cotransfected in neural plate explants. In both cases, the binding sites are closely spaced in the enhancer, and the proteins interact physically. The short distance between the Tll-like and Snail motifs in the CycE_401 enhancer would allow a direct physical interaction as well. Such protein interactions can change the conformation and hence activity of proteins (for review, see Dyson and Wright 2005) . It is interesting in this context that the deletion of the N-terminal SNAG repressor domain converted hSlug/SNA2 from a repressor to a potent activator in luciferase assays in HEK293T cells (Hemavathy et al. 2000) . A small fragment in the N terminus was sufficient to activate reporter activity when fused to the Gal4 DNA-binding domain. Whether this activator domain is functional in vivo and is normally masked by the repressor domain is unknown. A similar conformational change of the Drosophila Snail protein, induced by the factor binding to the Tll-like motif, might expose a domain that interacts with coactivators. Alternatively, the presence of the factor might allow the formation of a higher-order complex that includes Twist.
Although the studies in HepG2 cells and in quail show that full activation by Snail requires a partner factor, vertebrate Snail proteins can also activate on their own in vitro (Huang et al. 2009; Tao et al. 2011; Wels et al. 2011; Hahn et al. 2013) . Potential synergistic effects have not been analyzed in these studies. Snail is also sufficient for a weak activation of the p15
INK4b and Snail2 promoter (Sakai et al. 2006; Hu et al. 2010) . Drosophila Snail instead acts in a synergistic manner for which the presence of all three factors-Twist, Snail, and the factor binding the Tlllike motif-are required for enhancer activation in vivo. A key requisite for understanding the mechanisms by which Snail activates gene expression will be to identify the TF that occupies sequence elements such as the Tll-like motif.
A new view of how Snail regulates diverse developmental processes
The function of Snail in distinguishing mesodermal from ectodermal fates has been traditionally seen as a repressor of the ectodermal differentiation program. This study demonstrates that Drosophila Snail can also activate part of the program specific for the mesoderm. The role of Snail in gastrulation is thus dual and involves a balance of repression and activation.
One of the functions of Snail is to enable the formation of the ventral furrow together with Twist. Whereas the target genes of Twist that mediate furrow formation are known, it is completely unclear which genes act downstream from Snail. Only one such gene has been identified so far (Chanet and Schweisguth 2012) . The gene bearded, which is repressed in the mesoderm by Snail, is partly responsible for allowing adherens junctions in the mesoderm to be relocalized, but this is not sufficient for furrow formation. Therefore, there must be other genes that fulfill essential functions in gastrulation downstream from Snail. The sna V2 mutant might give some hints of what genes these might be, since it is still able to make a furrow, although many Snail target genes are misregulated. Stepwise reduction of only the repressive activity of Snail by mutation of one or two corepressorbinding sites results in a stepwise increase in the strength of the gastrulation phenotype (Hemavathy et al. 2004) . Thus, the repressive activity of Snail is certainly required. However, the 60% of Snail-dependent genes that are not or are only weakly affected in the sna V2 mutant (i.e., those most likely to be responsible for mediating furrow formation) do not fall into a uniform category; they contain both up-regulated and down-regulated genes. This might be an indication that misregulation of a larger set of both repressed and activated genes leads to the failure in furrow formation. This is also consistent with the fact that simply reducing the level of Snail by half leads to a delay in gastrulation (Seher et al. 2007) .
In summary, our study revealed a direct activator role for Drosophila Snail, a function that is seemingly conserved from flies to humans (Sakai et al. 2006; Stemmer et al. 2008; Reece-Hoyes et al. 2009; Hu et al. 2010; Tao et al. 2011; Wels et al. 2011; Hahn et al. 2013 ) and places the Snail family of proteins in the category of dually acting TFs.
Materials and methods
Drosophila strains
The Drosophila melanogaster snail amorphic allele Df(2L)TE116GW11 [Df(sna)] (Ashburner et al. 1990 ) and the hypomorphic allele snail V2 (Hemavathy et al. 1997) were recombined with Dhalo AJ and balanced over SM1. Dhalo AJ is a deletion of ;19 kb, encompassing the entire halo gene, made using FLP/ FRT-mediated recombination between Exilixis insertions PBac{WH}f04301 and PBac{WH}f07557. Transgenic flies for enhancer assays were established with the landing site line attP40 (w P{nos-phiC31\int.NLS};P{CaryP}attP40) (Markstein et al. 2008) for CycE_401, Mef2_401, and CG1488_400-lacZ or attP51C (y w M{eGFP.vas-int.Dm}ZH-2A; M{RFP.attP}ZH-51C) (Bischof et al. 2007) for Mef2 I-D[L] and tin B-374. Transgenes for enhancer assays were recombined with the loss-of-function EMS-induced allele sna 18 (sna IIG05 ) (Grau et al. 1984 ) and the hypomorphic sna V2 allele. The mata4-GAL4:VP16 (V32) stock was provided by Daniel St. Johnston, the twi-Gal4 stock was from Michael Akam (Greig and Akam 1993) , and the UAS-TCF-DN stock was generated by the Hans Clevers laboratory (van de Wetering et al. 1997) .
ChIP
Embryo collections and ChIPs were performed as described previously (Sandmann et al. 2006; Zinzen et al. 2009 ). Two independently staged wild-type Oregon-R embryo collections were obtained at 2-4 h AEL and fixed with formaldehyde. Chromatin was precipitated with guinea pig anti-Snail antiserum (Zeitlinger et al. 2007 ) as well as preimmune sera for mock ChIPs. All ChIPs were assayed for enrichment quality by quantitative real-time PCR. DNA amplification, labeling, and hybridizations to high-density Affymetrix Drosophila 2.0 tiling arrays were performed as described previously (Sandmann et al. 2006; Zinzen et al. 2009 ). All data analysis is described in the Supplemental Material.
Expression profiling analysis of snail mutant embryos
Embryos were collected from Dhalo AJ Df(snail)/SM1, Dhalo AJ snail V2 /SM1, and Dhalo AJ /Dhalo AJ control flies for 1 h on apple juice agar plates at 25°C. After dechorionation, embryos were washed, transferred to a fresh apple juice agar plate, and overlaid with PBS (pH 7.4). Homozygous mutant embryos were handsorted under a stereomicroscope for the visible Dhalo phenotype. At the desired stage, 150-200 mutant or wild-type embryos were transferred to Eppendorf tubes and flash-frozen in liquid nitrogen. RNA was extracted using the RNeasy minikit (Qiagen) as described in Sandmann et al. ( 2007) . Two micrograms of RNA of each sample was amplified using the Affymetrix GeneChip OneCycle cDNA synthesis kit according to the manufacturer. The amplified cDNA was fragmented and hybridized using standard protocols to the Affymetrix GeneChip Drosophila Genome array version 2, covering 18,500 transcripts. For each time point, three independent populations of sna mutant and stage-matched Dhalo AJ embryos were collected, aged, and assessed by microarray analysis, leading to 18 hybridizations. All data analysis is described in the Supplemental Material.
Data availability
All ChIP data are available at ArrayExpress (http://www.ebi. ac.uk/arrayexpress) under accession numbers E-TABM-651 (Twist) and E-MTAB-1589 (Snail). The high-confidence TF-binding information, including CRM coordinates and occupancy by different TFs, is provided in Supplemental Tables S4-S7 and also on the Furlong laboratory Web page at http://furlonglab.embl.de.
All gene expression hybridization data are available at ArrayExpress under accession number E-MTAB-1598.
